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. A newer family of biodegradable metals recently emerged based on Zn Vojtěch et al., 2011) . Zinc is essential for the immune system and is a co-factor for specific enzymes in bone and cartilage (Zheng et al., 2014) . Possessing a degradation rate slower than Mg alloys and faster than Fe alloys, Zn and its alloys stand out as a promising application especially for cardiovascular stents. Besides their biological performance, the biodegradable metallic materials require a better comprehension in the manufacturing technologies. Despite the great potential of SLM in customizing biomedical implants, the studies are much more concentrated on permanent implant materials. In literature, few works concerning SLM of biodegradable metals are present, most of which are on Mg and its alloys (Ng et al., 2011a; Ng et al., 2011b; Wei et al., 2014; Zhang et al., 2012) . Although several studies concerning ferrous alloys (Kruth et al., 2004) are reported, only a few works on pure Fe are present (Song, B. et al., 2014a; Song, B. et al., 2014b) . Regarding Zn and its alloys, literature lacks works also on more conventional manufacturing processes, while SLM of this material has not been reported previously to authors' knowledge.
In the meanwhile, basic research is being undertaken on the new family of biodegradable Fe and Zn alloys, concerning material properties as well as biocompatibility and degradation behaviour for applications mainly regarding cardiovascular stents, while their applicability to larger implants such as orthopaedic ones is being investigated (Bowen et al., 2013; Shearier et al. 2016 , Mostaed et al., 2016 Zhu et al., 2009; Moravej et al., 2010; Wegener et al., 2011) . The use of SLM with biodegradable metals provides further advantages such as the control over material density and microstructure, by regulating part geometry and energy input to the material. Such features are important for controlling degradation behaviour and biological response of the biodegradable implant. Benefiting from these properties, the use of SLM can be used to enhance the properties of implants with standardized geometries such as screws, rods and cardiovascular clips. In order to facilitate the great potential in future uses, the processability of the new family of biodegradable metals through additive SLM has to be assessed.
Concerning the SLM of new materials, the key indicator to evaluate process feasibility is the part density.
Several studies are available concerning the optimization of main process parameters, such as laser power, scan speed, hatch distance and layer thickness. Commonly, the published works avoid the study of all the parameters together, varying a couple of them and fixing the rest. Different combinations of laser power and scan speed are the most commonly studied amongst the possibilities. In the published works, stainless steel and ferrous alloys appear to be processed with power levels ranging between 50 and 400 W with scan speeds starting from 50 going up to 2000 mm/s (Yasa and Kruth, 2011; Kamath et al., 2014; Ng et al., 2011b; Kruth et al., 2004; Song, B. et al., 2014a; Song, B. et al., 2014b; Yadroitsev and Smurov, 2010; Dadbakhsh et al., 2012) . Hatch distances are linked to the laser spot dimension. It is observed that for small spots (<100 µm in diameter), hatch distance is taken larger than the spot size itself, and for larger beams (>100 µm) hatch distance is taken below the beam size (Kamath et al., 2014) . Layer thickness, on the other hand, is linked to the powder grain size as well as the surface quality to avoid stair effects. The layer thickness is usually set to a value higher than the average particle dimension, in particular, it has been recommended to be less than the 90 th percentile of the size distribution (Karapatis and Egger, 1999; Spierings and Levy 2009) . Another common approach is to study the process in terms of energy density expressed by fluence parameter. Fluence allows for an easier interpretation of the trends against the key process indicators such as part density.
However, for process optimization the single parameters are required to be studied together. The diversity of the used equipment, especially the used laser source characteristics renders difficult the use of the same process parameters on different setups. Employing new prototype systems inevitably requires preliminary tests, which can be guided by experimental ranges and rules indicated by the literature. Combination of design of experiments and simple analytical models is also useful for determining process feasibility ranges for new materials.
In this work, SLM of three different metallic biomedical implant materials was studied using a prototype system. AISI 316L stainless steel represents a common biomedical permanent implant material, which lends itself well to SLM, showing no phase transformation (Meier and Haberland, 2008) . The process feasibility was determined using AISI 316L. The process window for the biodegradable pure Fe and pure Zn was estimated via lumped heat capacity model. The laser melted materials were evaluated for porosity, density and mechanical properties.
Materials and methods

Selective laser melting system
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A prototype SLM system operating in laboratory environment was employed for the study. A multimode fibre laser source with 1 kW maximum power (IPG Photonics YLR-1000, Cambridge, MA, USA) was coupled to a scanner head (El.En. Scan Fiber, Florence, Italy). The optical chain was composed of a 60 mm collimating lens and a 255 mm f-theta lens. In this configuration beam diameter at focal plane (d 0 ) was calculated as 213 µm. The main specifications of the laser system are summarized in Table 1 . The powder deposition system was designed and realized for use in laboratory environment. The powder bed was actuated by using a motorised z-axis (Thorlabs L490MZ, Newton, NJ, USA) allowing progressive lowering of the bed plane during processing. For this prototype system, SLM was carried out in a gas chamber, in which Ar flow was provided at 20 Nl/min. Schematic representation of the SLM system can be seen in Figure 1 . 
AISI 316L stainless steel, pure Fe and pure Zn powders
Commercially available powders were acquired for the study. Mean particle size was measured on the SEM pictures via image processing software, as the average length of diameters measured at 2 degree intervals and passing through the particle centroid. The gas atomized AISI 316L stainless steel powder (supplied by Cogne Acciai Speciali, Aosta, Italy) was in spherical form with 31±8 µm mean particle size, as reported in Figure   2 .a. Both pure Fe and pure Zn powders were water atomized and were provided with >99.5% purity (Metalpolveri, Brescia, Italy). Iron powder was in irregular form composed of spherical particles and flakes with 41±19 µm mean particle size (see Figure 2 .b), whereas the zinc powder consisted of flakes having 42±18 µm mean particle size (see Figure 2 .c). The chemical compositions and the physical properties of the materials are listed in Table 2 and Table 3 , respectively. Substrate materials were matched to used powders using 2 mm thick AISI 316L stainless steel, low carbon steel and pure Zn plates. 
Characterization equipment
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Density of the laser melted samples was measured based on Archimedes principle with a precise balance (Precisa 100A-300M, Turin, Italy). Metallographic cross-sections of the realized samples were prepared by cutting, mounting in resin and polishing. Optical microscopy images were recorded and apparent porosity was calculated on the images employing image processing software as the fraction of the total area of the pores over the total area of the deposit. The grain size of the investigated samples was measured by ASTM E112-96 standard according to the linear intercept procedure. Vickers microhardness was measured on samples with sufficiently low porosity, with 500 gr applied load (Metkon MH-3, Bursa, Turkey). For compression tests, specimens were prepared with size of 10x10x10 mm 3 and machined to achieve flat and parallel surfaces. Compression tests have been performed under dry condition, without any use of lubricant on testing plates, with constant strain rate at ߝሶ =10 -3 s -1 using a hydraulic test machine (MTS Alliance RF/150, Eden Prairie, MN USA) and according to the ASTM E9-09 specifications.
Experimental procedure
The experimental study consisted of different phases, as illustrated in the flow chart reported in Figure 3 . In the first phase, selective laser melting of AISI 316L powder was studied to identify the feasibility window.
At this stage a 2-level factorial plan was applied on AISI 316L powder where i) laser power ( Hatch distance levels (h [µm]) were chosen proportional to the laser spot size, particularly at 110 µm (0.51·d 0 ) and 130 µm (0.60·d 0 ). Layer thickness (t [µm]) levels were set to allow for operating around the mean grain size at 50 µm and above at 100 µm. Statistical significance level was chosen at 5%. Samples were analysed for porosity and density. The conditions generating less than 3% apparent porosity were sought. The experimental plan is summarized in Table 4 . In order to estimate the process feasibility window for the two other materials, the lumped heat capacity model (Steen and Mazumder, 2010) was used, expressed as the following
where c p [J/kg·K] is the heat capacity, T m is the melting point, L f is the latent heat of fusion and T a is the room temperature, η refers to absorption coefficient. The model expresses the power required to melt a single track of material with a certain volume over time. The model greatly simplifies the process with the assumption of constant thermo-physical properties and solid material. However, it is useful for parameter range estimation and for limiting the experimental range in an optimization study. From this point of view the coefficient η can be treated as an efficiency parameter accounting for all the losses related to reflectance and porous material. Assuming to a first approximation that the reflectance and solid fraction of the spread metallic powders are similar, for the given experimental setup a global efficiency parameter could be evaluated. Hence, the optimal conditions obtained with AISI 316L were used to calibrate the model unknown efficiency parameter η. Once the η was estimated, feasibility windows for pure Fe and pure Zn were estimated using the same model with the thermo-physical parameters of these materials. The feasibility range was determined for the fluence F [J/cm 2 ] parameter expressed as:
Fluence accounts for the energy density over a single track defined by the scanned line and layer thickness.
One of the main drawbacks of fluence is that it does not account for overlapping between adjacent scan lines.
If the hatch spacing is relatively small compared to the beam size, the drawback related to overlapping effects might be avoided. On the other hand, same fluence values can be achieved for different power-scan speed couples, which essentially exhibit different heating and cooling cycles. This time dependent behaviour is neglected in the fluence, therefore its use can be limited in large range of parameter levels.
Another relevant parameter that can be calculated to assess the material sensitivity to the used laser power is the vaporization time t v . According to the following equation, it is possible to compare the materials for their susceptibility to vaporization, which is another limiting factor as opposed to incomplete melting.
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The model expresses the time required to reach vaporization on surface, where k is the conductivity, α is the heat diffusivity and T v is the vaporization temperature of the material (Steen and Mazumder, 2010) .
The estimated fluence ranges were tested on pure Fe and pure Zn. At this stage, only laser power and scan speed were varied, whereas hatch distance and layer thickness were fixed with the experience coming from the results obtained on AISI 316L. Apparent porosity and density were assessed for these materials and vaporization times in this range were compared. In the final stage, mechanical characterizations consisting of hardness and compression tests were carried out on all three materials for conditions with sufficiently low porosity. 
Zn
In Figure 4 and Figure 5 the main effects and interaction plots of the response variables are demonstrated for the AISI 316L stainless steel. The main effects plots imply that the strongest influence on both porosity and density derives from laser power (P). While an increase in laser power decreases the porosity, higher values of scan speed, hatch distance and layer thickness appear to induce higher porosity. These results are coherent with the literature, depicting that an effective increase in fluence shows reduced porosity. The main effects are similar for all process parameters in the case of porosity, except hatch distance, which appears to cause slight increase in density with higher level. In Figure 4 the interaction plot suggests interactions between laser power and scan speed (P·v), laser power and layer thickness (P·t), and scan speed and layer thickness (v·t). On the other hand, no interactions are expected between the parameters in the case of density, as shown by parallel lines in each interaction block of Figure 5 . The maximum porosity was 16%, and in the best conditions porosity levels lower than 1% could be achieved. Corresponding densities were between 7.87 and 6.85 g/cm 3 . As seen in Figure 4 the highest (P=150 W, v=300 mm/s, h=130 µm, t= 100 µm) and lowest porosity (P=300 W, v=150 mm/s, h=100 µm, t= 50 µm) conditions refer to the two extremes of available fluence values (F=4000 J/cm 2 and F=500 J/cm 2 respectively). The results of the statistical analysis also confirm the importance of the composite parameter, fluence. Table 5 shows results of analysis of variance over the process parameters and interaction. The results confirm the previous observations, where the significant parameters over the porosity are power, scan speed, thickness and their interactions. On the other hand, the same factors without their interactions are significant parameters over density as shown in Table 5 .
The hatch spacing was not found to be significant over the experimented region, showing that the inverse behaviour observed with porosity measurements is also insignificant. On the contrary, in literature, hatch distance has been shown to be an important parameter for reducing porosity Li et al., 2010) . The statistical insignificance observed in this study is expected to be due to experimenting in a restricted parameter range (110-130 µm). The statistical insignificance of hatch spacing is advantageous for the applicability of fluence model for predicting the feasibility ranges of pure Fe and pure Zn. The acceptable condition featuring a porosity lower than 3% was found to be between F=2000-4000 J/cm 2 .
Hence, this fluence range was used to estimate the efficiency parameter η, rewriting Eq. 1. The estimated range was η=0.04-0.08. Using this efficiency parameter range, the fluence for pure Fe and pure Zn are found as F Fe =1993-3986 J/cm 2 and F Zn =478-956 J/cm 2 . With the information gathered with AISI 316L tests, hatch spacing was fixed at 100 µm also for SLM study on pure Fe and pure Zn. Layer thickness was fixed to 50 µm, since it allows reducing porosity. On the other hand, power levels were chosen at 200 and 300 W, whereas scan speeds were varied to respect the estimated fluence ranges. For pure Fe the scan speed range was selected between 150 and 300 mm/s, whereas for pure Zn it varied between 600 and 1900 mm/s. The resultant fluence ranges results therefore to be larger than the predicted ones as depicted in Figure 6 . The experimental conditions for pure Fe and pure Zn are summarized in Table 4 . All conditions were replicated twice. The vaporization time of pure Zn appears to be much lower than AISI 316L and pure Fe as seen in Figure 6 . In particular, pure Zn is expected to evaporate approximately 4 time faster than pure Fe and twice as fast as AISI 316L. 
SLM of pure Fe and pure Zn
Representative micrographs of laser melted pure Fe and pure Zn powders belonging to low and high fluence values are reported in Figure 7 . It can be seen that the fluence region provided by the lumped heat capacity model was effective in predicting process parameter window. The deposited materials obtained with low fluence levels resulted in high porosity for all materials. Laser melted pure Fe was characterized by 2.5% apparent porosity with the highest fluence at 4000 J/cm 2 , whereas the highest apparent porosity was 7.9%
with the lowest fluence at 1333 J/cm 2 . Pure Zn exhibited lower processability and higher porosity in general.
Due to the low vaporization temperature, obtained deposits were always characterized by porosity higher than 12%. Moreover, at 300 W laser power, the process was found to be less stable due to more pronounced material loss due to vaporization. The significant porosity observed in laser melted Zn samples generates a foam-like structure. The measured porosity and density of the laser melted materials as a function of fluence are reported in Figure 8 . For both response variables, regression models with power function were found to be suitable. All models fitted the data very well as can be observed in the related plots and without lack-of-fit as confirmed by the statistical tests. This confirmed that the use of fluence in the experimented range is appropriate, especially for AISI 316L and pure Fe, despite the fact that it neglects the time dependent process characteristics. For pure Zn, the fluence model could be applied to the experimented range with only 200 W laser power, showing the limit of this approach for a material with low vaporization temperature. The density values show that full density products with laser melted pure Fe (ρ max,Fe =7.82 g/cm 3 ) and AISI 316L
(ρ max,316L =7.87 g/cm 3 ) can be achieved. The high porosity of laser melted Zn also reduces its density, thus the achieved density was much lower than the nominal value (ρ max,Zn =6.10 g/cm 3 ). Further increase of the fluence by reducing the scan speed resulted in no improvement, since the process was vaporization dominant. Moreover, the gaseous phase might generate melt pool instabilities, resulting in higher porosity (Qiu et al, 2015) . It is expected that, porosity can be further reduced by the use of different laser melting strategies, employing pulsed emission to better manage the applied heat cycle. Another important factor is the powder shape and manufacturing method. Water atomized particles are reported to induce higher porosity due to the reduced packing and higher oxygen content, even with alloys with high melting temperature (Li et al., 2010; Engeli et al.) . Figure 9 shows the microstructures of the laser melted materials. Very fine cellular-dendritic microstructure is observed on AISI 316L, generated due to the rapid cooling cycles induced by the laser beam. The microstructure of the pure Fe shows fine grains with an average size of 5.5 µm. In addition to the high porosity, a significantly fine grain structure can be observed in the laser melted Zn samples (see Figure 9 .c). The mechanical properties of the laser melted powders are presented in Figure 10 . The compressive yield stress and micro-hardness (HV) of laser melted samples are compared to their as-cast, and wrought counterparts. For comparison, reference data was used for AISI 316L and low carbon steel for the case of pure Fe (Poweleit, 2008; Washko and Aggen, 1990) . For Zn, experimental tests were carried out according to same procedures on cast ingots (99.995% purity, Gerli Metalli, Milan, Italy), which were also used for the wrought Zn samples, prepared by extrusion.
Material characterization
Laser melted AISI 316L showed higher compression yield stress (CYS) and HV compared to the conventionally produced material with CYS=372±15 MPa and 245±6 HV. Pure Fe showed mechanical properties fully comparable to a low carbon steel with CYS=197±18 MPa and 150±5 HV. Laser melting produced improved CYS on Zn as opposed to as-cast and wrought material owing to refined grain structure, with CYS=99±22 MPa. Yu et al (2014) showed that by sintering pure Zn they could achieve a CYS of 79
MPa. In the work of these authors, the fully dense sintered structure featured a grain size of approximately properties, which is attributed to its considerably smaller grain size. The as-cast reference samples were characterized by mm-sized grains with CYS=30 MPa, whereas in extruded samples, the average grain size was found to be 48 µm and CYS=76 MPa. In case of the laser melted Zn samples, a significantly fine lamellar-like structure with no preferential orientation was found (see the inset of Figure 9 .c). The formation of such a structure is expected to be due to high magnitude of cooling rate overheat with respect to the Zn melting temperature (693 K). 
Conclusions
In this work, a methodological study for SLM of Zn and Fe, of particular interest as biodegradable metallic materials, is proposed. The industrial standard AISI 316L stainless steel was used for process development using a prototype SLM system and for comparison of material processability. The lumped heat capacity model was used to estimate the processing range of the biodegradable metals pure Fe and pure Zn. The model satisfactorily indicated the feasibility zones, reducing a long run of experimental study. It was confirmed that AISI 316L possesses high processability in SLM process and pure Fe behaves quite similarly.
Low porosity and high density deposits were achieved on Fe based powders by increasing the laser fluence.
SLM of Zn is demonstrated for the first time in this work. The results suggest that pure Zn shows less processability due to its low vaporization point, generating high levels of porosity. The laser melted Zn showed mechanical strength higher than as-cast material despite 12% porosity and 86% nominal density. The improved mechanical strength is attributed to the small grain size of the material obtained through the very fast cooling cycle, induced by the laser process.
The results confirm the viability of the SLM process also for biodegradable metals, Fe and Zn. Further studies will be dedicated to the improvement of density of laser melted Zn, biodegradation and material-cell interaction to give a better perception to biomedical implant designers and manufacturers. Figure 1 . Schematic illustration of the prototype SLM system, depicting different components. 
